ABSTRACT: Direct comparisons of microbial fuel cells based on maximum power densities are hindered by different reactor and electrode sizes, solution conductivities, and materials. We propose an alternative method here, the electrode potential slope (EPS) analysis, to enable quantitative comparisons based on anode and cathode area-based resistances and operating potentials. Using EPS analysis, the brush anode resistance (R An = 10.6 ± 0.5 mΩ m 2 ) was shown to be 28% lower than the resistance of a 70% porosity diffusion layer (70% DL) cathode (R Cat = 14.8 ± 0.9 mΩ m 2 ) and 24% lower than the solution resistance (R Ω = 14 mΩ m 2 ) (acetate in a 50 mM phosphate buffer solution). Using a less porous cathode (30% DL) did not impact the cathode resistance but did reduce the cathode performance due to a lower operating potential. With lowconductivity domestic wastewater (R Ω = 87 mΩ m 2 ), both electrodes had higher resistances [R An = 75 ± 9 mΩ m 2 , and R Cat = 54 ± 7 mΩ m 2 (70% DL)]. Our analysis of the literature using EPS analysis shows how electrode resistances can easily be quantified to compare system performance when the electrode distances are changed or the sizes of the electrodes are different.
■ INTRODUCTION
Microbial fuel cells (MFCs) use bacteria on the anode to produce an electrical current from the degradation of organic matter and a catalyst on the cathode for the oxygen reduction reaction (ORR). 1−4 Many different anode materials have been examined, including graphite fiber brushes, carbon veils, carbon cloth, carbon paper, and carbon felt, and these materials have often been modified to increase power production. 5−8 The materials and catalysts used for the cathode have also varied, with the most common types consisting of Pt catalysts on carbon cloth or activated carbon as both the supporting material and catalyst. 9, 10 Typically, improved performance caused by electrode modification is demonstrated on the basis of an increase in maximum power production using polarization data. 11, 12 However, when a new anode or cathode material is shown to improve performance in one type of MFC, it is not clear how much that specific change improved performance relative to other differences in reactor design, construction, or operational procedures. For example, the power production can be a function of the size (e.g., projected area) of the electrode, as the power per area can vary inversely with electrode size. 13−15 Power is also affected by the relative sizes of the two electrodes (e.g., an anode larger than the cathode). 16 Comparisons of performance are particularly difficult for systems that have different distances between the electrodes, as ohmic resistance can greatly limit overall performance in low-conductivity solutions, such as domestic wastewater. 17 Even when all materials and solutions are kept constant, maximum power densities obtained in the same laboratory can vary by ∼15%. 9 To better engineer large-scale MFCs, it is necessary to know what specific factors limit performance and how the behavior of the electrodes will change as they become larger or distances change between them. 18 As the system scale is increased, the performance of one electrode, for example, the cathode, could change at a rate with size that is different from that of the anode. As a result, reporting the change in maximum power density alone does not provide insight into which electrode might be limiting performance or the extent to which electrode performance changes with reactor size. It is possible to examine abiotic electrode performance using electrochemical techniques such as potentiodynamic [linear sweep voltammetry (LSV)] or potentiostatic methods (chronoamperometry at defined potentials). 19−22 However, these electrochemical techniques cannot be conducted on the anode before it is fully acclimated in an MFC. Also, evaluating anode performance is more difficult than that of an abiotic cathode as its performance can change over time as a function of its operating conditions (e.g., potential, external resistance, and temperature). 23−25 Thus, anode performance can be assessed only during actual MFC operation using polarization data and reference electrodes. However, the ohmic drop between the reference and working electrodes must be included in the final polarization data to properly evaluate electrode performance as a function of current. 17, 26 Inaccurate electrode potentials can lead to wrong conclusions about the extent that the anode or cathode could be limiting power production. 17 A new and more comprehensive analysis was used here to provide quantitative comparisons of electrodes in different types of MFCs. The slopes of electrode polarization data near peak power, based on the linear region, were used to quantify electrode area-based resistances (milliohms square meter), and the y-intercepts of the data were used to calculate effective halfcell potentials. While these factors have been included to some degree in previous studies, 16, 27, 28 our electrode potential slope (EPS) analysis is unique in terms of the comprehensive nature of the analysis and full use of linearized electrode potential data. In the conventional fuel cell literature, most polarization data have three regions: an initial rapid change in potential at low current densities where the activation losses prevail over the other resistances, a linear region dominated by the ohmic resistances, and a steep decrease in voltage at high current due to mass transfer limitations. 29−32 In MFCs, polarization data are usually linear over a wide range of relevant current densities (especially near the peak power). 16 Anode potentials are linear until very high current densities are reached, where current production can suddenly fail to increase for a variety of reasons (e.g., substrate-limited mass transport, insufficient acclimation, or limiting current densities), causing the power curve to exhibit power overshoot (a doubling back of the power curve). 33, 34 Cathode potentials typically have an initial rapid drop due to the activation losses of the ORR at low current densities. After this initial drop, the cathode potential tends to be linear at higher current densities (and near peak power production). The slopes of the polarization curve for the whole cell, or for individual electrodes, can therefore be used to obtain area-normalized resistances, with the y-intercepts of the potentials providing a useful estimate of the actual working open circuit voltages (OCVs). 35 The utility of the EPS analysis method was demonstrated here in experiments using MFCs with brush anodes and cathodes with diffusion layers (DLs) that had two different porosities (70% and 30%), in tests with an acetate-buffered medium and with domestic wastewater. Additionally, this approach was shown to be broadly applicable by evaluating data from previous studies and making quantitative comparisons between electrodes of different sizes or materials. These comparisons demonstrate that it was possible to easily quantify how the specific changes in electrodes or materials affect power production for different types of MFCs.
■ MATERIALS AND METHODS
Calculations. The overall cell potential (E cell ) with a load on the circuit is usually expressed as a function of the electromotive force (E emf ) calculated from the anode and cathode half-cell potentials (E An and E Cat , respectively) and resistances (R) in the circuit as 17 
(
)
where η An is the anode overpotential, η Cat the cathode overpotential, R Ω the ohmic resistance, and i the current.
Although not explicitly shown in these equations, the electrode overpotentials are a function of the current, and thus, they decrease the voltage due to activation losses, pH changes, bacterial metabolic losses, and concentration losses (mass transfer limitations to or from the electrodes). To account for different sizes of electrodes, the current density (amperes per square meter) is used on the basis of the electrode projected area, and therefore, the resistance must also have units of area (milliohms square meter) for a given voltage (millivolts). 28 The theoretical E emf can be calculated from the half-cell reactions, chemical activities, and operational conditions. Equation 1 can be written in terms of the half-cell potentials for the anode (E An ) and cathode (E Cat ) as
The typical electrochemical reactions of an MFC are acetate oxidation at pH 7 at the anode 1 and oxygen reduction at the cathode. Assuming acetate oxidation produces bicarbonate and assuming the ORR occurs with a four-electron transfer that proceeds through either proton uptake or water dissolution, 36 
resulting in a range of electrons transferred around 2.1− 3.6. 11, 38, 39 Thus, the measured E emf (E emf,m ) for the cell, for example, under open circuit conditions (E emf,m0 ), does not have a single predictable value due to the multiple ORRs.
The measured cell voltage can rapidly decrease at low current densities due to activation losses and other changes that impact the operational conditions near the electrode, such as the localized pH that can switch the electron transfer mechanism pathway or carbonate concentrations that become different than the bulk phase concentrations. Following this rapid decline in voltage, the electrode potentials become a linear function of current. For operation past these low current densities, the electrode potentials in eq 2 can be replaced by
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Article potentials fit to the linear portion of the measured anode and cathode potentials, producing operational potentials that better describe the working electrode potentials in terms of experimental electrode potential conditions, for the anode (E An,e0 ) and cathode (E Cat,e0 ) potentials. Because all changes in electrode and solution potentials are now a linear function of the current, eq 2 can now be written as
An,e0 Cat An
where the electrode overpotentials that impact the measured cell voltage are quantified in terms of individual resistances of the anode (R An ), cathode (R Cat ), and electrolyte (R Ω ). If a membrane or separator is used, resistances for these materials would be included in a measured R Ω , or they would need to be separately determined from the electrolyte resistance. The sum of these three resistances in eq 8 is the total operational internal resistance (R int ).
To evaluate the performance of an MFC, the load on the circuit is typically varied by using an external resistance, and the operational current is calculated from the cell voltage. Thus, we can replace E cell with the external resistance in the circuit (R ext ) as a function of the current, as
On the basis of eq 9, a circuit can be drawn that describes the steady performance of the cell (i.e., neglecting sudden changes in the load on the circuit) ( Figure 1A ). For this EPS analysis of the electrode open circuit potentials and resistances, the electrode potentials were obtained from the polarization test by changing the external resistance in the circuit. The electrode potentials are then plotted with the potential on the y-axis and the current density on the x-axis. The linear portion of the data is expressed as E = mi + b, where the slope m is the specific resistance of each electrode (R Cat or R An ) in units of milliohms square meters and the y-intercepts are used to calculate the experimental open circuit potentials of the anode (E An,e0 ) or cathode (E Cat,e0 ) ( Figure 1B ). The solution resistance, R Ω (milliohms square meters), can be obtained from the solution conductivity (σ, millisiemens per centimeter), and the distance between the electrodes (l, centimeters), as
where 100 is used for unit conversion (conversion of millisiemens into siemens, where 1 S = 1 Ω −1
, and square centimeters to square meters). For example, for 50 mM PBS (σ = 6.9 mS cm −1
) and an electrode spacing of l = 1 cm, R Ω = 14 mΩ m 2 . If a membrane or separator is used, electrochemical impedance spectroscopy (EIS) can be used to obtain the membrane resistance from the combined solution and membrane resistance. 40 The EPS analysis described above, based on using the slopes and y-intercepts of the polarization data to measure electrode resistances and calculate working half-cell potentials, is different from previous approaches that used area-based electrode resistances. For example, Fan et al. did not directly measure each electrode resistance and instead used only whole cell polarization data. 16 This method resulted in errors in calculated electrode resistances, as they were assumed to be constant with changes in conductivity. Sleutels et al. calculated electrode resistances for MECs using a single condition (i.e., one point for each resistance calculated) rather than using many points (i.e., the linearized portion of the polarization data), which reduced accuracy, and theoretical half-cell potentials rather than those obtained from the y-intercept as done here. 28 Liang et al. calculated resistances using a slope analysis of the polarization data but also did not use yintercepts to calculate the experimental electrode potentials, nor did they consistently correct electrode polarization data for ohmic losses or calculate solution resistances from solution conductivities. 27 Instead, the current interrupt method was used to estimate ohmic losses.
Construction and Operation of MFCs. MFCs contained 28 mL (empty volume) cylindrical chambers cut into polycarbonate blocks, with a chamber 3 cm in diameter and 4 cm in length. 9 The anodes were 2.5 cm diameter and 2.5 cm long carbon brushes, which were made by twisting conductive carbon fibers between two titanium wires. 5 All brushes were heat treated at 450°C for 30 min in a muffle furnace prior to use. 41 Anodes were acclimated in MFCs for more than 2 years at a fixed external resistance of 1000 Ω, at a constant temperature (30°C) prior to use here with new cathodes. Cathodes (7 cm 2 exposed surface) were made from activated carbon (AC) and stainless steel mesh, with a cathode-specific surface area per volume of reactor of 25 m 2 m −3
. 2 AC cathodes were manufactured by VITO (Mol, Belgium) and had diffusion layers (DLs) with different porosities of 70% or 30% for the study of two different types of cathodes. 42 Anode-and cathode-specific resistances were normalized by the cathode projected area (7 cm 2 ). Brush anodes were placed near the cathode (electrode spacing d An-Cat of 1 cm in phosphate buffer and 1.3 cm in 
Article wastewater tests) with the brush perpendicular to the cathode and the reference electrode (RE) tip touching the titanium wire. The larger spacing used in the wastewater tests was set to match that of a larger-scale MFC, where this distance was chosen to minimize possible clogging with domestic wastewaters. 7 The REs used to measure electrode potentials [Ag/ AgCl; model RE-5B, BASi; 0.209 V vs a standard hydrogen electrode (SHE)] were placed in the current path between the electrodes. The RE was 0.5 cm in diameter, with a tip diameter of 0.4 cm. Distances between electrodes are considered to be accurate to within 0.2 cm. All potentials are reported here versus SHE.
Tests were conducted using a medium containing a 50 mM phosphate buffer solution (PBS; 4.58 g of Na 2 HPO 4 , 2.45 g of NaH 2 PO 4 , 0.31 g of NH 4 Cl, and 0.13 g of KCl in 1 L of distilled water, with 12.5 mL of a concentrated trace mineral solution and 5 mL of a vitamin solution) amended with sodium acetate (1 g/L) having a conductivity of 6.93 mS cm −1 , or domestic wastewater (WW). 43 Wastewater was collected weekly from the primary clarifier of the Pennsylvania State University Waste Water Treatment Plant and stored at 4°C prior to use. The solution conductivity of the wastewater was 1.51 mS cm −1 at 25°C. The MFCs were operated at 30°C in a controlled temperature room.
Electrochemical Measurements. MFCs were acclimated as previously described, 44 based on feeding the reactor with medium in fed-batch operation over several weeks, until at least three reproducible and stable voltage profiles were obtained. Single-cycle polarization tests were conducted by feeding the reactor with fresh medium, maintaining the system under open circuit conditions for 2 h, and then steadily reducing the external resistance from 1000, 500, 200, 100, 75, 50 to 25 Ω at 20 min intervals. Polarization tests were completed before there was an appreciable change in the pH or substrate concentrations that could impact performance.
The current was calculated on the basis of the potential (E cell ) measured across the external resistor and recorded using a computer-based data acquisition system (2700, Keithley Instrument). Current densities (i) and power densities (P) were normalized to the total exposed cathode area (A = 7 cm 2 ) and calculated using the equations i = E cell /R ext A and P = iE cell , respectively, where R ext is the external resistance. 44 During each polarization test, the electrode potentials were recorded using a reference electrode. The RE was used to measure the anode potential (E An ); the cathode potential (E Cat ) was then calculated from the anode potential and the whole cell voltage using the equation E Cat = E cell + E An . The electrode potential was then corrected on the basis of the conductivity of the solution (∼1.5 mS cm −1 for the wastewater and 6.9 mS cm −1 for the PBS) and the distance from each electrode to the RE by rearranging eq 10 and dividing R Ω by the projected area of the electrode. 17 The measured electrode potentials (not corrected for the solution conductivity) are reported in the Supporting Information.
■ RESULTS AND DISCUSSION
Experimental Whole Cell Polarization Curves in PBS and Wastewater. The measured total cell open circuit potential (E emf,m0 ) was 664 ± 11 mV for the 70% DL cathode MFCs fed acetate in PBS, similar to that for the 30% DL (669 ± 4 mV) (Figure 2A,B) . These values were both ∼40% lower than the theoretical E emf of 1111 mV, assuming a four-electron transfer at pH 7. 36 The experimental potential of the 70% DL cathode MFC (E emf,e0 ) was 531 ± 5 mV, based on the yintercept of the cell polarization data (current density range of 3−9 A m −2
). When using the less porous 30% DL, the 
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Article experimental potential was reduced to an E emf,e0 of 467 ± 22 mV, suggesting that the less porous DL reduced the maximum working potential of the MFC.
The maximum measured power density was 1.71 ± 0.08 W m −2 for the 70% DL and 1.38 ± 0.04 W m −2 for the 30% DL, consistent with previous reports on improved performance with a more porous DL. 42 The internal resistances obtained from the linearized polarization data for these MFCs with the two different cathodes, however, were quite similar: 41 ± 1 mΩ m 2 (70% porosity) and 39 ± 4 mΩ m 2 (30% DL). The similar area-specific resistances suggest that the lower power density with the cathode with 30% DL was due to a decrease in the E emf,e0 of >60 mV compared to that of the 70% DL and not to differences in electrode resistances. However, this requires measurement of electrode potentials, as shown below. Using the circuit shown in Figure 1 and the experimental potentials and total specific resistances (obtained from the lines), the calculated maximum power densities were 1.71 W m −2 (70% porosity) and 1.40 W m −2 (30% porosity), showing good agreement with the experimental results ( Figure 2) .
The measured open circuit whole cell potentials in wastewater of the MFCs with the two different cathodes (E emf,m0 ) were 617 ± 2 mV (70% DL) and 632 ± 2 mV (30% DL) ( Figure 2C,D) . These potentials were slightly lower than those measured using acetate in PBS, likely reflecting the less thermodynamically favorable oxidation of wastewater organics compared to that of acetate alone. The experimental E emf,e0 values were the same for the MFCs with the different cathodes (574 ± 22 mV with 70% DL and 574 ± 16 mV with 30% DL).
The internal resistance of the MFCs based on the slopes of the polarization data with wastewater was 223 ± 16 mΩ m 2 for the 70% DL, which was only 11% lower than that of the MFCs with the 30% DL (249 ± 12 mΩ m 2 ). As a result of the similar experimental potentials and internal resistances, the maximum power densities were also quite similar to 0.34 ± 0.01 W m −2 (70% DL) and 0.31 ± 0.01 W m −2 (30% DL). The ohmic resistance of the wastewater (87 mΩ m 2 ) was much higher than that of PBS (14 mΩ m 2 ). The impact of this large ohmic resistance of the wastewater, coupled with the low current density, likely reduced the impact of the different DL porosities on power production. The maximum power densities calculated from the E emf,e0 and the internal resistance in each configuration resulted in similar maximum power densities of 0.37 W m −2 (70% porosity) and 0.33 W m −2 (30% porosity), which were in good agreement with polarization data.
Electrode Potentials and Specific Resistances. The measured cathode potentials under open circuit conditions using acetate and PBS (E Cat,m0 ) were 399 ± 11 mV (70% DL cathode) and 401 ± 2 mV (30% DL cathode), which were around 400 mV lower than the theoretical value at pH 7 (for example 815 mV using eq 4b). The experimental cathode potential with the 70% DL cathode (E Cat,e0 = 271 ± 6 mV) was 32% higher than that of the 30% DL cathode (E Cat,e0 = 205 ± 27 mV) ( Figure 3A) , while the area-specific resistances of the two different cathodes were quite similar (14.8 ± 0.9 mΩ m 2 , 70% DL; 12 ± 5 mΩ m 2 , 30% DL cathode). The anode potentials did not change when using the different cathodes (E An,e0 = −260 ± 3 mV, 70% DL; E An,e0 = −262 ± 7 mV, 30% DL), nor did the anode area resistances (10.6 ± 0.5 mΩ m 2 , 70% DL; 11 ± 1 mΩ m 2 , 30% DL). This conclusively demonstrated that the differences in power production using the two different cathodes were specifically due to the cathode and not to any changes in the anode potentials (for example due to greater oxygen transfer through the higher-porosity cathode). The slightly higher resistances for the cathodes than the anodes suggest that the cathode limited power production only slightly more than the anodes.
Using the EPS analysis, the power density curve was accurately reproduced, allowing clear identification of both the individual resistances and the working potentials. The sum of the singular resistances (R An , R Cat , and R Ω = 14 mΩ m 2 ) from the electrode slopes and solution conductivity was 39.4 mΩ m 2 , which was within 4% of that calculated from the slope of the whole cell polarization curve (41 ± 1 mΩ m 2 , 70% DL cathode). With the 30% DL cathode, a value of 37 mΩ m 2 was calculated from the sum of the individual resistances compared to 39 ± 4 mΩ m 2 using the whole cell polarization curve. The use of E Cat,e0 based on experimental polarization data has the advantage of using most of the polarization data to obtain the working potentials rather than just a single point as done by Sleutels et al. 28 In studies by others, theoretical or measured open circuit cathode potentials were used, 16, 27 which would have resulted in potentials that did not accurately predict MFC performance.
Using wastewater, the measured cathode potentials (E Cat,m0 ) of 337 ± 1 mV (70% DL cathode) and 350 ± 2 mV (30% DL cathode) were slightly higher than those obtained from the slope analysis (E Cat,e0 ) of 308 ± 10 mV (70% DL) and 313 ± 18 mV (30% DL). The measured E Cat,m0 and the experimental E Cat,e0 cathode potentials were quite similar to each other in wastewater tests, compared to PBS where E Cat,e0 differed from 
Article E Cat,m0 as much as 50% (cathodes with 30% DL). The narrower differences between the experimental and measured E Cat for the wastewater samples could have been due to the low current densities, as this results in operation of the MFC in a region of current that includes activation losses in the final R Cat and E Cat,e0 (see the Supporting Information and Figure S2 ). The measured anode potentials in wastewater (E An,m0 ) were both −280 ± 3 mV, with more positive anode potentials from the slope analysis (E An,e0 ) of −266 ± 13 mV (70% DL) and −262 ± 3 mV (30% DL). These anode potentials were quite similar to the operational potentials obtained using PBS.
The cathode-specific resistances R Cat in wastewater were both substantially higher than in PBS, 54 ± 7 mΩ m 2 (70% DL) and 78 ± 14 mΩ m 2 (30% DL). These cathode-specific resistances were 4−7-fold higher in wastewater than those obtained in PBS. The anode-specific resistances were also greatly increased, with similar resistances obtained of 75 ± 9 mΩ m 2 (70% DL) and 78 ± 2 mΩ m 2 (30% DL). Thus, a 6-fold increase in the solution-specific resistance of the wastewater (R Ω = 87 mΩ m 2 ) compared to that of PBS (R Ω = 14 mΩ m 2 ) led to 4−7-fold higher cathode resistances and 7-fold higher anode resistances, although it did not greatly impact the measured electrode open circuit potentials. The anode and cathode resistances with 30% or 70% DL cathodes were both lower than the solution-specific resistance in wastewater, suggesting a large impact of the solution conductivity on the MFC performance. This was different from the case with PBS and acetate in which the cathodes primary limited power production. The sums of the individual area-based resistances were 216 mΩ m 2 (70% DL) and 243 mΩ m 2 (30% DL), both in good agreement (∼4% lower) with the whole cell area-specific resistances calculated from the slopes of the whole cell polarization curves (223 ± 16 mΩ m 2 for the 70% DL and 249 ± 12 mΩ m 2 for the 30% DL). Comparison of Different Cathode Catalysts and MFC Architectures and Configurations. The EPS analysis makes it possible to quantify electrode performance and compare the results with those of other studies and determine how the individual electrode area resistances impacted overall power production. For example, maximum power densities in two studies were reported to be similar, but the EPS analysis shows that this was for different reasons. In one study by Yang et al., ). This was similar to another study by Santoro et al. 45 that gave values of 2.62 ± 0.04 W m −2 with a different MFC configuration (120 mL MFC; A An = 18 cm ) and a different Fe−N−C ORR catalyst. Thus, on the basis of the maximum power density alone, the performances of the two systems were quite similar, suggesting that the cathodes performed equally well in the two different MFCs. However, the MFC used by Santoro et al. was designed to have a much larger anode than cathode area (An:Cat projected area ratio of 6.4), so that the anode would not limit power production, while the MFC used by the reactor of Yang et al. had more similar-sized projected electrode areas (An:Cat = 0.82). Using the EPS analysis and polarization data corrected for ohmic losses between the working and reference electrodes, the anode area resistance (R An ) was 4.30 ± 0.02 mΩ m 2 for the MFC of Santoro et al. (Figure 4 ). This was ∼4 times lower ; E An,e0 = −260 ± 3 mV, 70% DL) are also shown in Figure 4 to provide a comparison to these previous two studies.
For the cathodes, the EPS slope analysis revealed that the main differences in the cathode performance were due to the working potentials of the cathodes (y-intercepts) and not their resistances (polarization data slopes). The measured and experimental cathode potentials were 557 ± 1 mV (E Cat,m0 ) and 442 ± 19 mV (E Cat,e0 ) in the study of Yang et al., compared to lower values of 431 ± 2 mV (E Cat,m0 ) and 426 ± 3 mV (E Cat,e0 ) determined by Santoro et al. The resistances of the cathodes were 23 ± 3 mΩ m 2 for the study of Yang et al., higher than the values of 16.7 ± 0.4 mΩ m 2 determined by Santoro et al.
This comparison of the two studies using the EPS analysis demonstrated that electrode performance can be compared even when the MFC architectures are different. Although the power densities were similar, both the anodes and cathodes had different electrochemical characteristics. The experimental cathode potentials in the study of Yang et al. were higher, and thus, the cathodes had electrochemical performances that were Comparison of Pt/C Cathodes in 28 mL MFCs. The utility of the EPS analysis was further demonstrated by using it to compare the performance of Pt/C cathodes in MFCs for several studies by different research groups (all 28 mL cube reactors, with brush anodes in 50 mM PBS and acetate media) ( Figure 5 ). The average electrode area-based resistances among these studies (R Cat ) was 59 ± 27 mΩ m 2 (range of 20 mΩ m 2 < R Cat < 101 mΩ m 2 ), but the cathode working potentials varied over a much larger range of 242 mV (387 mV < E Cat,e0 < 145 mV; average of 286 ± 90 mV). The reason for this large range of working potentials could be a lack of proper correction for the ohmic losses between the electrodes 17 or aging of the cathode, which weakens the performance over time. 9 The potentials presented in figures for the anodes in two of the studies were clearly wrong (E An,e0 values of −463 mV determined by Valipour et al. 46 and −475 mV determined by Meng et al. 47 ), as they were 200 mV lower than the thermodynamic potential for acetate oxidation (−296 mV, eq 3). In the five other studies, 32 ,48−51 the anodes had relatively similar anode potentials (E An,e0 ) of −262 ± 28 mV and a specific anode resistance (R An ) of 20 ± 3 mΩ m Impact of Electrode Dimensions on Area-Based Resistances Using Wastewater. Analyzing the slope of similar electrode materials with different dimensions allows us to understand how the electrode resistance impacts performance using larger electrodes. In a recent study, we examined power generation using brush anodes and cathodes with projected sizes of 7 or 6200 cm 2 in MFCs treating domestic wastewater. 15, 52 Although the same materials were used for the electrodes (brush anodes and activated carbon cathodes), the large cathode had a stainless steel frame to hold multiple cathode panels, so the working area was reduced to 4800 cm 2 ( Figure S4 ). The maximum power density decreased from 0.304 ± 0.009 to 0.101 ± 0.006 W m −2 with an increase in electrode size. The experimental cathode potentials were different; E Cat,e0 = 368 ± 8 mV for the large cathode, and E Cat,e0 = 265 ± 22 mV (70% DL) for the 7 cm 2 cathode (Figure 6 ). 15 If the electrode performance remained constant with increases in electrode size, then the area resistances should be constant. However, the large electrode cathode-specific resistance was 555 ± 24 mΩ m 2 , compared to a value of 66 ± 17 mΩ m 2 for the smaller cathode. Thus, we can directly quantify the cathode performance using the EPS analysis as an area resistance that increased by 8-fold using the larger cathode.
The anode performance was also impacted by using larger electrodes but to a lesser extent than with the cathodes. The resistance for an array of 22 brush anodes (each 5.1 cm in diameter and 61 cm long) in the larger MFC was 238 ± 18 mΩ m 2 , which was 3-fold higher than that of the smaller anodes (71 ± 3 mΩ m 2 , 2.5 cm in diameter and 2.5 cm long). The experimental anode potential (E An,e0 ) was −296 ± 6 mV, which was similar to that of the small anode (E An,e0 = −301 ± 4 mV). The impact of the increase in the electrode-specific resistance on the sizes of the electrodes has previously been compared only in terms of current or power densities. For example, it was estimated that the electrical power loss could be as much as 47% with an increase in the size of a carbon mesh anode from 10 to 10000 cm 2 (current density of 3 A m −2 ), based on only one connection to the electrode.
14 The EPS analysis, however, makes it possible to directly compare the anode or cathode resistances rather than just the overall performance. Overall, for the large MFC, the cathode resistance was 2.3 times that of the anode resistance and 6.4 times larger than the solution resistance; thus, the main resistance in the large MFC was clearly the cathode. This is different from the case for the small chamber MFC in which 
Article the solution resistance using wastewater was larger than the individual anode-and cathode-specific resistances.
Recommendations for Future MFC Studies. The EPS analysis allows a simple and quantitative comparison of the performance of electrodes or whole cells for a wide range of MFC configurations. The analysis is based on the use of the polarization data near peak power; therefore, no additional electrochemical tests such as EIS or LSVs are needed. However, the analysis requires specific and accurate data for making the calculations, including the projected areas of both electrodes, the solution conductivity, and the spacing between the reference and working electrodes. Providing solution conductivities is even more important when working with wastewater, which may have different characteristics not only for different locations in the treatment plant but also at different times of the day. The impact of the solution conductivity on the electrode performance was clearly shown in this study, as the solution-specific resistance of the MFCs with PBS (14 mΩ m 2 ) was 6.2 times lower than that of the MFCs with wastewater (87 mΩ m 2 ). The polarization tests conducted in wastewater resulted in anode-and cathodespecific resistances that were 7 times larger in wastewater (for the 30% DL, R An = 78 ± 2 mΩ m 2 and R Cat = 78 ± 14 mΩ m 2 ) than in PBS (for the 30% DL, R An = 11 ± 1 mΩ m 2 and R Cat = 12 ± 5 mΩ m 2 ). By using the EPS analysis to determine electrode potentials and area-based resistances, the reasons for the different performance in each configuration can be easily assessed on the basis of electrode potentials and resistances, or possible errors can be identified. For example, while the working potentials and area-based electrode resistances obtained by an EPS analysis of the electrodes were seen to be similar in several studies that were examined ( Figure 5 ), errors were clearly obvious for two studies in which the E An,e0 was more negative than that possible based on a thermodynamic calculation. 46, 47 If the E An,e0 had been calculated in that study, this error could likely have been avoided as it would have been more obvious that the value was not possible. For the anodes, the area resistances in the studies examined here were fairly similar, and thus, the main differences were due to the cathode potentials and area-based resistances. The EPS analysis makes it possible to quantify these individual resistances, when ohmic resistances are separately reported and electrode potentials are corrected for ohmic drops between the reference and working electrodes. 17 Thus, the use of this method enables an easier and more direct comparison of performances of these different electrode materials based on the quantitative analysis of components rather than the overall power density. 
